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It is well-known that acute elevation of blood
pCO2 is accompanied by a rise in the renal re-
absorption of bicarbonate (1-3). The exact
mechanism through which this occurs has not
been established, but it is thought to result from
accelerated tubular hydrogen secretion due either
to the lowering of cellular pH or to an increased
formation of carbonic acid.
The present experiments were undertaken in

an attempt to define further the nature of the
reabsorptive process during acute respiratory
acidosis. The data demonstrate that during an
acute sustained increase of carbon dioxide ten-
sion, progressive elevation of plasma bicarbonate
concentration was accompanied by a curvilinear
increase in the rate of bicarbonate reabsorption.
The relationship between plasma bicarbonate
concentration and the rate of reabsorption was
found, by means of the double reciprocal plot,

to take the form + The possible sig-

nificance of this finding has been considered.

MATERIALS AND METHODS

Twelve experiments were performed on female mongrel
dogs anesthetized with sodium pentobarbital. An endo-
tracheal tube fitted with an inflatable balloon was intro-
duced into the trachea and connected either to a calibrated
volume displacement ventilator (Etsten Ventilator) (4) or
to a Mine Safety "Pneophore." Respiratory movements
were inhibited by the administration of gallamine tri-
ethiodide (Flaxedil®) so that respiratory exchange could
be controlled by the ventilator. Blood pCO2 was increased
to values of approximately 90 to 100 mm. Hg by having
the animal breathe a mixture of 9 per cent CO2 and 91
per cent oxygen. This tension was then kept as constant
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as possible. When elevated blood pCO2 had been steadily
maintained for at least one hour and adequate urine flow
(3.6 to 6.2 ml. per minute) had been achieved by constant
infusion of isotonic mannitol, plasma bicarbonate concen-
tration was progressively increased by intravenous infusion
of 0.142 to 0.285 molar solution of sodium bicarbonate at
a rate of 7 ml. per minute. In the majority of the experi-
ments, it was necessary to increase ventilation slightly in
order to prevent the rise in CO2 tension which usually
followed the rapid infusion of bicarbonate.
The clearance of exogenous creatinine was used as a

measure of glomerular filtration rate. Urine was collected
under mineral oil through an inlying catheter and the
bladder was emptied by manual compression at the be-
ginning and at the end of each 10 minute collection period.
Heparinized blood samples were drawn anaerobically from
the femoral artery. Plasma and urine were analyzed for
creatinine by a modification of the method of Bonsnes and
Taussky (5) and for total CO2 by the manometric method
of Van Slyke. Blood and urine pH were measured anaero-
bically at 370 C. using a Cambridge Research Model pH
meter. Concentration of bicarbonate and dissolved CO2
were calculated from the Henderson-Hasselbalch equation,
using a pK' for carbonic acid of 6.1 and 0.0591 a equal to
0.0301 for plasma and 0.0309 for urine. Filtered bicarbo-
nate was taken as the product of the filtration rate and
the plasma bicarbonate concentration (corrected for a
Donnan factor of 1.05). Potassium in serum was deter-
mined with an internal standard flame photometer.
Seven control experiments were performed with the

animals breathing 100 per cent oxygen and with the pCO2
maintained at normal levels by controlled ventilation with
the Etsten Ventilator. Plasma bicarbonate concentration
was increased by intravenous infusion of 0.142 to 0.595
molar solution of sodium bicarbonate at a rate of 7 ml.
per minute. The higher concentrations of bicarbonate
used in the control studies were necessary in order to
achieve plasma bicarbonate concentrations comparable to
those attained in the high pCO2 experiments.

RESULTS

Table I shows the data from a typical experi-
ment in which plasma bicarbonate level was
raised progressively during acute, sustained re-
spiratory acidosis. Initially, when plasma bicar-
bonate was 23.5 mEq. per L., there was only
slight excretion of bicarbonate and thus nearly
complete reabsorption. As the plasma level was
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TABLE I

Effect of acute sustained respiratory acidosis on bicarbonate reabsorption during progressive
elevation of plasma bicarbonate levels*

Plasma HCOs-
Urine

Time pCO2 HCO3 GFR flow Filt. Excr. Reabs.

min. mm. Hg mEq.IL. ml./min. m1.1min. mEq./min. pEq./min. mEq.!100
ml. GF

Dog No. 4, 11.8 Kg.
-105 Dog breathing 9% C02, 91% 02
-70 Mannitol, 50 Gm./L. I.V. at 7 ml./min.
0-10 97 23.5 33.0 4.6 0.78 17 2.31
10-20 93 23.5 34.1 5.3 0.80 23 2.28

22 NaHCO3, 0.143 M; mannitol, 25 Gm./L. I.V. at 7 ml./min.
25-35 88 23.5 35.3 6.2 0.83 31 2.26
35-45 95 31.1 35.9 6.2 1.12 82 2.89
45-55 94 34.2 36.6 6.5 1.25 125 3.07
55-65 96 34.9 33.3 6.1 1.16 135 3.08
65-75 94 36.9 34.8 6.3 1.28 169 3.19
75-85 92 39.1 33.3 6.3 1.30 203 3.29

87 NaHCOa, 0.214 M at 7 ml./min.
90-100 95 41.2 33.9 6.5 1.40 239 3.42
100-110 92 42.9 32.3 6.5 1.39 289 3.41
110-120 89 45.5 33.1 6.7 1.51 356 3.49
120-130 92 48.1 33.0 6.9 1.59 413 3.57
130-140 96 51.6 31.0 6.7 1.60 453 3.70
140-150 99 54.3 37.2 7.9 2.02 613 3.78

* Plasma bicarbonate values have been corrected for a Donnan factor of 1.05.

elevated, there was a prompt and progressive strate a progressive increase in both the excretion
increase in both the excretion and reabsorption and reabsorption of bicarbonate as the plasma
of bicarbonate. The reabsorptive rate observed bicarbonate concentration was elevated from
at 54.3 mEq. per L., the highest plasma level 28.8 to a final value of 55.8 mEq. per L. The
studied, was 3.78 mEq. per 100 ml. of glomerular final reabsorption was 4.29 mEq. per 100 ml. of
filtrate. Plasma carbon dioxide tension ranged glomerular filtrate. As in the experiment shown
between 88 and 99 mm. Hg during the course of in Table I, pCO2 and glomerular filtration were
the study. nearly constant during the course of the study.
Table II shows the results of another repre- The results of all 12 experiments are shown in

sentative experiment. The data again demon- Figure 1. On the abscissa is plasma (filtrate)

TABLE II

Effect of acute sustained respiratory acidosis on bicarbonate reabsorption during progressive
elevation of plasma bicarbonate levels*

Plasma HCOs-
Urine

Time pCo2 HCo, GFR flow Filt. Excr. Reabs.

min. mm. Hg mEq./L. ml./min. ml./min. mEg./min. pEq.fmin. mEg./100
ml. GF

Dog No. 8, 14.5 Kg.
-100 Mannitol, 50 Gm./L. I.V. at 7 ml./min.
-95 Dog breathing 9% CO2, 91% 02
0-10 82 28.8 49.0 4.4 1.41 53 2.77
10-20 82 28.7 46.8 4.4 1.34 48 2.76

22 NaHCO3, 0.179 M; mannitol, 25 Gm./L. I.V. at 7 ml./min.
25-35 87 33.9 49.6 4.8 1.68 80 3.23
35-45 95 36.8 46.4 4.8 1.71 148 3.37
45-55 94 43.4 47.4 5.6 2.06 334 3.64
55-65 94 44.6 46.3 5.7 2.07 319 3.78

67 NaHCOs, 0.262 M at 7 ml./min.
70-80 93 51.7 45.5 6.6 2.35 469 4.13
80-90 92 54.1 45.1 6.7 2.44 532 4.23
90-100 91 55.8 44.2 6.6 2.47 576 4.29

* Plasma bicarbonate values have been corrected for a Donnan factor of 1.05.
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FIG. 1. EFFECT OF ACUTE SUSTAINED RESPIRATORY ACIDOSIS ON BICARBONATE REABSORPTION DURING
PROGRESSIVE ELEVATION OF PLASMA BICARBONATE CONCENTRATION (12 EXPERIMENTS)

The curved line has been drawn through the experimental points by inspection. Data from the seven control
experiments, carried out at normal pCO2 values, are shown in the lower half of the chart. Values for pCO2 of this
group (not shown) ranged between 35 and 45 mm. of Hg.

bicarbonate level (mEq. per L.) and on the ordi-
nate is bicarbonate reabsorption (mEq. per 100
ml. of glomerular filtrate). The straight line
bisecting the chart indicates the filtered load of
bicarbonate. The curved line was drawn through
the experimental points by inspection. It can

be seen that with elevation of the plasma bicar-
bonate level from 24 to 55 mEq. per L. there
was a curvilinear rise in bicarbonate reabsorp-
tion, which, at the highest plasma concentration
studied, reached a mean value of approximately
3.8 mEq. per 100 ml. of glomerular filtrate.
Frank excretion of bicarbonate began at a plasma
level of 26 to 30 mEq. per L. The observed
values for plasma pCO2 shown in the upper part
of Figure 1 ranged from 82 to 108 mm. Hg. In
eight of the 12 experiments, however, the pCO2
remained within a range of 10 mm. Hg and in

the group as a whole pCO2 showed no significant
trend during the course of the study. Variations
in glomerular filtration rate during the course of
the experiments were usually small and in no

instance differed from the control values by more

than 20 per cent.
In contrast, during the seven control experi-

ments (Figure 1), bicarbonate reabsorption re-

mained at approximately 2.4 mEq. per 100 ml.
of glomerular filtrate for the group as a whole
when plasma bicarbonate concentration was pro-
gressively elevated from normal levels to more

than 50 mEq. per L. The range of reabsorptive
values was 2.2 to 2.7 mEq. per 100 ml. of glomer-
ular filtrate. pCO2 remained between 35 and
45 mm. Hg throughout the study; these values
are not shown in Figure 1.
Serum potassium concentration fell in both the
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FIG. 2. DOUBLE RECIPROCAL PLOT C

FROM TABLE I
The line through the points was calculal

method of least squares.

control and the respiratory acidosis st
final mean value in the control gro
mEq. per L. (range, 1.7 to 2.4). S.]
0.12. In the acidosis group the va

mEq. per L. (range, 1.7 to 2.9). S.]
0.13. The difference between the me
significant (p > 0.2).

DISCUSSION

It has previously been shown that -

tion of plasma bicarbonate concer

creases the renal reabsorption of
(1-3). The present data demonstra
reabsorptive rate is a function of
bicarbonate level, and that elevatic
does not simply increase the reabsori
ity to a single new constant rate. F
bonate excretion began at a plasn
approximately 26 to 30 mEq. per L.
was a progressive increase in both th
tion and excretion of bicarbonate as

concentration was elevated. Over t
26 to 55 mEq. per L. in the plasma
curvilinear rise in bicarbonate reabsor
reached a final average value of 3.8 m
ml. of glomerular filtrate. The failu
ous workers to note such a curvilir
bicarbonate reabsorption during act
tory acidosis (3) may have resulted fr

that relatively few observations were made be-
tween plasma bicarbonate concentrations of 26
and 40 mEq. per L., a range over which the
increasing rates of both reabsorption and excre-
tion are most apparent.

In an attempt to find a simple mathematical
function which might describe the curvilinear
relationship between plasma bicarbonate concen-
tration and the rate of bicarbonate reabsorption,
the reciprocals of the values of the two variables
were plotted one against the other. Figures 2
and 3 show the data from Tables I and II plotted
in this fashion. The lines drawn through the(001ft4) points were calculated by the method of least

I I squares. In each instance the r value was 0.99
(p < 0.01). In all 12 experiments the values
for r were found to lie between 0.97 and 0.99

)F DATA (p < 0.01).
From the linearity of the double reciprocal plot

ted by the it follows that the relationship between plasma
bicarbonate concentration and the rate of re-

:udies. The absorption takes the form y = b x' a rec-
)up was 2l1 tangular hyperbola.1 There is no obvious ex-
l. equal2ed planation for this finding, but two considerations

E-u eal d suggest a possible working hypothesis. First,*y equaled previous observations on the effects of acetazol-,ans was not amide in metabolic acidosis suggest that carbonic
anhydrase plays a critical role in the reabsorption
of most, if not all, filtered bicarbonate (6).

acute eleva- Second, the relationship between plasma con-

itration in- centration and rate of reabsorption in the present
bicarbonate study takes the same form as the equation which
Lte that the describes the initial velocity of an enzymatic
the plasma reaction as a function of substrate concentra-

tn of pCO2 tionV= Vmax S (Michaelis-Menten) Asa
?tive capac- Km + J
'rank bicar- tentative interpretation, it is therefore proposed
na level of that during acute respiratory acidosis carbonic
., and there anhydrase becomes rate-limiting in the overall
te reabsorp- process of bicarbonate reabsorption. It is rec-
the plasma ognized that data consistent with the kinetic
he range of theory, while providing presumptive evidence
there was a
option which I This statement applies only at plasma concentrations
Eq. per 100 above 23 to 25 mEq. per L. At plasma bicarbonate con-
re of previ- centrations below this level, reabsorption of bicarbonate is

known to be virtually complete and the relationship be-
near rise in tween the two variables is thus y = x. It would thus
ute respira- appear that there are two distinct components to the re-
om the fact absorptive pattern observed between 0 and 55 mEq. per L.
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in its support, can in no way be taken as proof
of the hypothesis.

In the present formulation the bicarbonate
concentration of the initial glomerular filtrate
has been used as the expression of substrate con-
centration. No assumptions were made con-
cerning changes in bicarbonate concentration
during the passage of filtrate along the renal
tubule. However, the hypothesis carries the
implication that either: 1) The bicarbonate con-
centration remains relatively constant over all
but an insignificant segment of the renal tubule,
or that 2) if major changes in concentration
occur, they bear such a relationship to the initial
concentration that this latter value may still be
taken as equivalent to substrate in the Michaelis-
Menten equation. The apparent velocity con-
stant (Km) for this system is 6.0 mEq. per 100
ml. of filtrate (S.E. i 0.6) and the apparent
Vmax is 8.4 mEq. per 100 ml. of filtrate (S.E.
:1 0.6).

It is noteworthy that the pattern of bicarbo-
nate reabsorption in acute respiratory acidosis at
plasma levels above 26 mEq. per L. is similar to
the one found previously after the administration
of acetazolamide to animals with metabolic aci-
dosis (6). Acetazolamide is known to inhibit
carbonic anhydrase in vitro, and it was suggested
that the rate of reabsorption following injection
of graded quantities of this drug was a function
of residual enzyme activity in the renal tubular
cells. The data from these studies, when tested
by means of the double reciprocal plot, were also

ax
found to take the form of y = b + x Thus,
as in the present study, the overall process of
reabsorption appeared to follow the Michaelis-
Menten relationship. It was tentatively sug-
gested that at plasma bicarbonate levels below
the normal threshold, partial inhibition of car-
bonic anhydrase makes enzyme activity rate-
limiting in the process of bicarbonate reabsorp-
tion (6).
The virtually complete reabsorption of bicar-

bonate in the absence of inhibitor suggests that
the enzymatic reaction is not the rate-limiting
step in the normal at subthreshold plasma levels
(6). With a low concentration of bicarbonate
in the filtrate it seems likely that the rate of
filtration of bicarbonate is limiting and that

1
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FIG. 3. DOUBLE RECIPROCAL PLOT OF DATA
FROM TABLE II

The line through the points was calculated by the
method of least squares.

nearly complete removal of bicarbonate takes
place before substrate comes into contact with
the enzyme in the more distal tubular segments.
As plasma bicarbonate rises, more enzyme would
be expected to enter into the reaction as substan-
tial quantities of bicarbonate reach additional
segments. According to this view, enzyme is
present in excess until a filtrate concentration of
approximately 26 mEq. per L. is reached. At
this point carbonic anhydrase all along the tubule
is finally involved in the reabsorptive process and
frank bicarbonate excretion begins. In the nor-

mal, regardless of further elevation of plasma
bicarbonate concentration, the reabsorptive rate
remains constant at approximately 2.4 mEq. per

100 ml. of glomerular filtrate. It is conceivable
that a normal pCO2 imposes this limit by pre-

venting full utilization of enzyme activity. In
acute respiratory acidosis this limit is apparently
removed and, according to the present hypothe-
sis, the enzymatic step becomes rate-limiting in
the reabsorptive process.

The following schema is suggested as a possible
explanation for the experimental findings in
terms of the present hypothesis. Extrusion of
hydrogen ions from the cell releases hydroxyl
ions which are neutralized by carbon dioxide
under the catalytic activity of carbonic anhy-

, .759
-.99

(006 meS)

I I I I

943



WILLIAM B. SCHWARTZ, ADRIEN FALBRIARD AND GUY LEMIEUX

CA
drase (OH- + CO2 = HCO3-).2 Carbon dioxide
tension is assumed to influence hydrogen ion
excretion independently of the enzymatic reac-
tion. Thus, two rate-limiting steps can be visu-
alized: 1) hydrogen ion secretion and 2) the
enzymatic reaction which involves carbonic an-
hydrase. With normal pCO2, hydrogen ion
secretion is fixed at a constant maximal rate.
The concomitant hydroxyl ion production in the
cell occurs at a rate so slow that carbonic anhy-
drase is not the rate-limiting factor in the reac-
tion by which the hydroxyl ion is buffered with
carbon dioxide. Such a fixed rate of hydrogen
ion secretion would account for the constant
maximum rate of bicarbonate reabsorption which
is observed at plasma bicarbonate concentrations
above 26 mEq. per L. In contrast it is postu-
lated that elevation of pCO2 removes the limit
on hydrogen ion secretion so that the latter in-
creases as bicarbonate concentration in the filtrate
is progressively elevated above 26 mEq. per L.
and as the pH of the filtrate rises. With con-
comitant increases in hydroxyl ion production,
carbonic anhydrase becomes rate-limiting and
the reaction follows the Michaelis-Menten rela-
tionship.

According to this schema, the hydroxyl ion is
the limiting substrate in the reaction. However,
since the data appear to follow the Michaelis-
Menten relationship when plasma bicarbonate
concentration is plotted as substrate, it would
follow as a corollary that intracellular hydroxyl
ion concentration bears a direct relationship to
the bicarbonate level in the filtrate.
The present data seem clearly to demonstrate

that bicarbonate reabsorption rises in a curvi-
linear fashion as a function of plasma bicarbonate
concentration but it is recognized that the theo-
retic formulation is highly tentative. It is hoped,
however, that this framework may serve as a
useful basis for further investigation.

2 This sequence of events, which has been suggested as
the mechanism for gastric acid secretion (7) and for urinary
acidification (8-10), assumes that secreted hydrogen ions
are derived ultimately from water. Although the reaction
is bimolecular, since carbon dioxide is always in excess
relative to the hydroxyl ion, the kinetics are those of a
monomolecular reaction.

SUMMARY

Studies of renal bicarbonate reabsorption in
acute respiratory acidosis have demonstrated a
curvilinear rise in reabsorption as plasma bicar-
bonate concentration was progressively elevated
from 24 to 55 mEq. per L. The average final
value for bicarbonate reabsorption was 3.8 mEq.
per 100 ml. of glomerular filtrate. Frank excre-
tion of bicarbonate began at a plasma level of
approximately 26 to 30 mEq. per L. The rela-
tionship between plasma bicarbonate concentra-
tion and the rate of bicarbonate reabsorption has

axbeen found to have the form y = x+ x As a

tentative explanation for these findings it has
been suggested that during acute respiratory
acidosis an enzymatic reaction involving car-
bonic anhydrase is rate-limiting in the process
of bicarbonate reabsorption.
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